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SUMMARY

Some details of the physical mechanism of the cofiustion of mag-
nesium ribboriwere investigated, and burning tms for magnesium ribbons
were determined with various mixtures of oxygen in argon, nitrogen,
heliw, and argon - water vapor. Evidence from this investigation indi-
cates that a gas-phase rather than a surface reaction occurs, which
bears some analogy to the combustion of liquid-fuel drops. The experi-
mental burning times we compared with those calculatedby using a
vapor-phase heat- and mass-transfer mechanism. The infinitesimallythin
flame frent concept successfully applied to fuel drops was abandoned in
faver of a high-temperature reaction zone of finite thickness. Agree-
ment between experimental and calculated values for burning time in terms
of oxygen concentrationfor the argon- and nitrogen-inerted systems was
quite satisfactory on a relative basis; actual numerical values agre~
within a factor of 2 to 3. Agreement was less satisfactory for low-
density heliwn-inerted atmospheres, although the changes observed ex-
perimentally were in the dtiection indicated by the calculation.

For the geometry employed, observed burning times (approximately
proportional to reciprocal average burning rates) decreased by a factor
of approximately 10 with increasing oxygen concentration over the range
17 to 100 percent by volume. The times were slightly longer with argon
mixtures than with nitrogen mixtures and appreciably shorter with helium
than with argon or nitrogen. Burning times decreased by as much as one
third with increasing moisture content; the greatest changes occurred
for small amounts of water vapor and for long burning times.

INTRODUCTION

In spite of the expanded efforts on corikmstionresearch in recent
years, the burning of metalJic solids has not received much attention.
While solid carbon has been the sub~ect of extensive investigations,
which clesrly indicate the significance of surface reaction in the utili-
zation of nonvolatile csrbcjn,there is relatively little information
available on the detailed mechanism of the conibustionof metals. A
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possible reason
gators may have
setiles that of

for this lack of information is that previous investi-
generally assumed that the burning of metal solids re-
liquld hydrocarbons.

Work on the carbon problem has ranged from the isolation of the
surface reactions (refs. 1 to 3) and the burning of carbon rods and
single carbon spheres in air streams (refs. 4 to 6) to complex studies
of fuel beds (ref. 7), coal-gasificationprojects (ref. 8), and the
powdered-coal gas turbine (ref. 9). The utilization of solid explosives,
primarily as ammunition (ref. 10), is another aspect of solid cmibustion
which has received much attention. A proJect has also been conducted in
the attainment of high temperature by burning metals (ref. n).

In a somewhat different vein, dust explosions, first of coal, flour,
and sugar, and more recently of metallic dusts in powder metallurgy, have
attracted attention from the point of view of safety; ignition energies,
explosive limits pressure rises, and rates of pressure rise have been
studied (ref. 12j. Closer to the subject is work on the propagation of
fl~ th??OU.@ dust CIOUdS: the experimental flame speed of aluminum
powder dust together with the effects of concentration and particle size
(ref. 13), spectral studies of metal dust flames (ref. 14), and work with
metal dusts in Bunsen burners including the determination of flame tem-
peratures (refs. 15 and 16).

Of much general interest,but little &ect significance, is the
considerable volume of work on the high-temperature slow oxidation of
metals; that is, studies of the growth of oxide films at temperatures
below those at which ignition occurs. These investigations (refs. 17
and 18), covering a wide range of metals, definitely involve metallic
surface phenomena. Of more specific interest are studies of the burning
of single liquid fuel drops (refs. 19 to 21), and of liquid fuel from
burners of various geometries (ref. 22). In such cases, where vapor proc-
esses sre lmown to occur, successful techniques for the treatment of
single diffusion flames have been developed. A summary of the influence
of inert gases on homogeneous gaseous flame phenomena has been prepared
(ref. 23). (me inert g=es2:y3 in the experiments described in this
report are included in ref. .

The purpose of this investigationwas to study the gross physical
mechanism of the combustion of magnesium metal in order to learn whether
a vapor-phase or surface reaction is involved; further, to examine the
effect of the composition of the oxidizing atmosphere, both as a matter
of general interest and in the hope that such studies might be informa-
tive as to the details of the physical,and/or chemical processes in-
volved. In particular, magnesium ribbon was burned in 17- to 100-percent
oxygen mixtures with argon, nitrogen, helim, and argon - water vapor as
diluents. Data are presented in terms of burning times for a strip of
ribbon about 4.6 centimeters long; such data bear an approximately in-
verse relation to average burning rates. The experimental data are
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.
compared with average burning times calculated from hypotheses involving
diffusion and heat-transfer relations; the effects of moisture me less
satisfactorilyexplained. The occurrence of a vapor-phase conibustion
process is strongly indicated on the basis of (1) the experimental ob-
servations and (2) the comparisonbetween experimentaland calculated
burning times.

APPARATUS

Box. - All experiments were carried out in a cribicalbox with an
inner~~nsion of 7 inches, constructed of l/2-inch transparent plastic
(fig. 1). A rectangular access port in the top was coveredby a metal
plate with a sheet of heavy gasket material attached; the cover served
as an adeqyate seal under vacum conditions and as a vent against pres-
sures above atmospheric. A rubber stopper in the bottom supported two
electrodes and a tube for evacuating and fi3J_ingthe box. The tube was
connected to the gas source, and through a filter to a pressure gage
and the laboratory vacuum system. The magnesium ribbon was supportedby
a metal bracket with a gap of about 4.6 centimeters and held in place by
small.metal weights.

Ignition. - The electrodes supported a heater in the shape of a
squared “U” about 1.5 centimeters across and formed from about 8 centi-
meters of nuuiber16 Nichrome wire. To produce ignition, a thread, con-
sisting of one third of a 7.5-centtietermagnesium ribbon, was wrapped
tightly about the cross bar of the heater and placed just under the
ribbon; 4 volts across the heater fired the thread, and the thread in
turn ignited the ribbon.

Magnesium ribbon. - The magnesium ribbon measured 0.015by 0.31
centimeter and weighed 0.0074 @am per centimeter (about 10 percent less
than weight calculated from dimensions). No special precautions were
taken to remove oxide film or prevent oxidation, but the ribbons were
kept in closed containers and retained their luster.

Gases. - Mixtures of 17.6, 21.5, 24.1, 34.2, and 43.7 volume per-
cent oxygen in argon were obtained commercially and the analyses checked.
The 18.2, 32.0, and 70.6 percent oxygen in argon and the 18.0 and 53.0
percent oxygen in helium were mixed in the laboratory from cylinders of
the individual gases in a 35-liter tank to a total pressure of 5 at-
mospheres. Compressed air admixtures of 34.9, 44.5, and 70.0 percent
oxygen in nitrogen were also obtained commercial.ly.

Water vapor. - Moisture was added to the 21.5 and 43.7 percent oxy-
gen in ergon mixtures by flowing the gas mixlm.reover water in a simple
train; the amount of water taken up was varied by adjusting the ratio of
gas flowing through the train and through a dry bypass.

——. ._ —. -— .—
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The concentration of water in the mixture was determined in terms

of the dew-point temperature; with adequate conditioning of the instru-
ment, readings obtained”before and after runs of several hours checked
to within about 5 percent of the amount of water present.

Cameras. - Motion pictures were taken at about 16 frames per second
with spring-driven cameras calibrated for speed and constancy of speed.
Detailed still pictures were obtained with a view camera.

PROCEDURE

Obtaining Data

The procedure used for obtaining data was as follows: The thread
and the ribbon were placed in position. The box was twice evacuated to
a pressure of 25 to 40 millimeters and filled with the selected mixture.
In addition, for mixtures containing moisture, the box was purged for 8
to 10 minutes (three to four times the period required to fill the box
at the flow rates used in the train). The only effects of procedure
were found for mixtures containing water vapor. External electrical and
photographic ad@stments were made while the box was being filled. With
all preparations completed, the heater current was turned on and then
shut off when the thread ignited. The motion-picture camera was started
at the first glow of the Nichrome; the still camera was snapped manually.

Reducing Data

In the reduction of data, all qwntitative results were derived
from the motion pictures. Selected and nuniberedframes are shown in
figure 2 for a test with.a burning time of about 3 seconds.

Burning time. - The the elapsed between the start and the finish
of the burning of the magnesium ribbon spanning the 4.6-centimeter gap
in the metal bracket is defined as the burning time. No corrections
were made on the burning-time measurements for the action of the igniter
or for the quenching effect of the metal bracket (burning approached the
bracket somewhat more closely for shorter burning times). The start was
taken as the first frame showing a flame which within several frames was
observed to be spreading (extendinghorizontally). For example, in fig-
ure 2 no spreading occurs between frames -10, -5, and O, but by frame 5
spreading is underway; therefore, O is taken as the start (in practice,
with a viewer, this procedure is capable of finer gradations). Frame 30
shows fully developed combustion. By frame 37 the flame is starting to
subside. An appreciably decreased luminous aea is shown in frame 45,
and frame 50 indicates the final stages of vigorous burning. Frame 53
shows a luminosity “whichthereafter changes relatively slowly with time
(it persists considerablybeyond frame 59). Therefore, frame 53, as an .

—— .—-—
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intermediate condition between vigorous
is taken as the end. On the whole, the

burning and residual luminosity,
reproducibility of this measur-

ing procedure is appreutly quite adeqyate (the spread of the data is
shown in fig. 5); the data are of such a nature that a systematic error
of a few frames, either as a constant or as a percentage error, will have
little effect in the final comparisons.

Apparent flame diameter. - The distance from the bottom of the lumi-
nous zone to the noint above the ribbon where -theluminous intensity
starts to decreas~ is the apparent flame diameter (frame 30, fig. 2],
an average over a nuriberof points on each frame and over a number of
frames. The nunibersare at best relative on a rather indefinite scale
because of constant exposure times and
rates producing some overexposure, and
visually estimating intensities.

EXPERIMENTAL

differences in energy-release
because of the difficulties of

RESULTS

Typicsl still photographs of burning _esium ribbons are ’shown
in figure 3. Figure 3(a) shows the ribbon twisted horizontally through
the flame. Figure 3(b) is a medium exposure showing the ribbon less
clearly than figure 3(a), but giving more emphasis to the flame struc-
ture. Figure 3(c) is a much heavier exposure;-the igniter and the un-
burned ribbon are visible. Magnesium oxide smoke is seen streaming up
from the fire, but the structural details of the flame are obliterated.
The intense inner regions surrounding the ribbon in both figures 3(a)
and (b) are surrounded by regions of somewhat lower luminosity which in-
clude, although only under the ribbon, a very thin region of high in-
tensity. Figure 4 contains a schematic drawing indicating the various
regions and shows microphotometer traces made across the paths indicated.
The microphotometer traces indicate that, while the outer zone a is
not an optical illusion, its intensity is not as high as that of the
inner zone c. .

The oxide ash left after a fire usually supported itself and spanned
the gap. It maintained the general structure of the original ribbon,
although it was fluffier for shorter burning times. For conimstion in
ordinary air, about 18 percent of the original magnesium remained in the
ash as the oxide. The ash from the igniter thread also tended to pre-
serve the structure of the original metal.

The experimental burning times are presented in figure 5. The time
decreases with increasing oxygen concentration for all three diluents.
The decrease is somewhat less for the nitrogen-inerted case than for the
argon case, and is appreciably less for heliwn than for either argon or
nitrogen. An indication of the precision of the data is given by verti-
cal lines indicating the spread of the two to four individual tests
which are included in each average value plotted as a datum point.
.

.— ——— —..— .— ——.—
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The effect of moisture in the surrounding atmosphere on burning
.

time is indicated in figure 6. Amoynts of water vapor, up to saturation
at room temperature, were added to the mixtures of 21.5 and 43.7 percent
oxygen in argon. The burning time decreases with increasing amowits of
water, although the decrease in burning time Qer unit of added ~isture
is greatest for small quantiti&s of water vapor. The precision of the
measurements for low-moisture contents is generally poorer than the pre-
cision indicated in ftgure 5 for equivalent burning times. As a result,
the faired curves are somewhat less significant than might be hoped; the b
qualitative

One of
vapor-phase

effects are clew. .

DISCUSSION

the objectives of this investigationwas to learn whether a
or a surface reaction controls the process under examination.

Ki
to

The fo-~owing evidence seems to indicate that a-gaseous reaction occurs:

(1) Distinct zones are visible in the photographs, somewhat like
those of liquid hydrocarbon Mf’fmion flames. (The outer luminous zone
a, fig. 4, has tentatively been attributed to the recalescence of mag-
nesium oxide.)

(2) The light intensity, as indicated on the microphotometer traces,
was greater above and below the ribbon than right on it (fig. 4).

(3) The ribbon did not seem actually to liquify, although it did
soften and twist; it supported itself on medium spans (for example,
across the approximately 2.3 cm between the igniter and the bracket),
although it sagged on somewhat broader spans. The ash retained the
general shape of the original ribbon. While these properties might in
part belong to the oxide deposited on the surface rather than to the
magnesium alone, the observatio~ suggest that the temperature at the
metal surface is in the range between the-melting (923° K) and the boil-
ing (1393° K) points of magnesium, well below observed flame temperatures
(=000° K).

(4) An appreciable loss of magnesium from the ribbon occurred during
the burning process, the oxide ash showed no indication of fusion, and
the ash was fluffier for shorter burning times (faster rates). These ob-
servations suggest the evaporation of magnesium at a temperature well
below that of the melting point of the oxide (>2500° K).

(5) Photographs of igniter threads burning in oxygen without ribbons
showed flames of the same general size and shape as did threads burning
under similar conditions in chlorine. To produce flames in chlorine,
heat had to be sup@ied continuouslyto the igniter and its thread; the
magnesium apparently melted. This observation suggests a metal.volatili-
zation process for the chlorine flame, and, hence, from the similarities .

of the photographs for the two cases, a vapor-phase mechanism for the
formation of the oxide.
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In view of the evidence for
ess in the burning of magnesium,

7

the occurrence of a vapor-phase proc-
an attempt was made to compute burning

rates, and, hence, burning times, by a method that has proved highly
successful for single liquid fuel droplets. The two-regi”on“stagnant
film” approach of Spalding and later of Graves was adopted (ref. 19 and
21). Preliminary calculations (neglecting dissociation) suggested ex-
cessive temperatures (T g 5X104 % multiplied by the mole fraction of
oxygen); however, experimental measurements suggested a flame tempera-
ture of about 3100° K (refs. 15 and 16), approximately the boiling point
of magnesium oxide. Since the oxide is believed to dissociate almost
completely upon vaporization (ref. 24), dissociation could not be treated
by the techniqpe of reference 21. Rather it was decided to abandon the
co,nceptof an infinitesimallythin flsme front and to consider a finite
reaction zone of high-temperature diffusion. The model is shown in cross
section in figure 7. It consists of three concentric cylindrical zones,
with boundaries designated A, B, B’, and C. The metal is vaporized from
the ribbon surface A at about the boiling point of magnesium. Then
three zones AB, BB’, and B’C are established:

(1)A

(2) A

(3) A

zone AB of radially increasing temperature; the metal vapor
is heated and heat is conducted to the metal surface to
vaporize mre metal.

zone BB’, a constant temperature reaction zone at the boiling
point of magnesium otide. Interdiffusion of the oxygen and
_e”sium occurs. The result is a chemical equilibrium be-
tween condensed oxide, magnesium vapor, and oxygen all at the
boiling point of the magnesium oxide in a stagnant film of
inert gas.

zone B’C of radially decreasing temperature, consisting of a
stagnant film of inert gas with o~en diff&ing inwsr~ and
being heated and with condensed oxide moving out and being
cooled. [In the treatment of the spherical case, a steady-
state solution is obtained as the radius of the C boundary
approaches infinity; however, for the treatment of the cylin-
drical or flat-plate cases”,a finite boundary condition is
reqtied.]

The general approach and the significant assumptions involved in
the calcuhtion will be indicated here. The s@ols used and the details
of the calculation are presented in appendixes A and B, respectively.

The physical assumptions are:

(1) The metal ribbon can be adequately treated with cylindrical,
geometry; end effects are neglected.
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(2) The tempe’katuredoes not exceed 3200° K; this follows from the
assumption of complete dissociation of magnesium oxide upon vaporization.

(3) The regions of highest luminosity correspond to the reaction
zone; specifically,the apparent flame diameter has been taken as the
B’ boundary. Soresindication of-the effect of assuming other boundary
conditions will be given.

(4) The effects of free convection are neglected in setting up fuel- ~
flow, oxygen-diffusion,and heat-transfer eqyations for the steady-state N
process. m

(5) The required thermal conductivities and diffusion coefficients
may be calculated, as no experimental data exist for the high-temperature
values required. T%e thermal conductivity of the gases in the AB zone
is taken as that of magnesium vapor (Mg) and in the B’C zone as that of
the appropriate inert gas. Dtifusion in the BB’ and B’C zones is con-
sidered as the diffusion of oxygen into a stagnant film of the appropri-
ate inert gas.

(6)
heat and

(7)

The

In the B’C zone, as in reference 25, the film thicknesses for
mass transfer me assumed to be equal. “

The pressure throughout the system is at 1 atmosphere.

calculation of burning t~ is carried out by computing the
burning rate in terms of fuel consumed in moles per second; this calcu-
lation requ3res simultaneous solution of a nmiber of differential equa-
tions for fuel-flow rate, oxygen diffusion, and heat transfer. These
are organized zone by zone and integrated using the boundary conditions
presented in the following table:

Boun&my

A

B

B,

c

Radius,
cm

rA(metds~ace)
rB(eliminated)

rB,(luminous surface)

rc(not used)

Temperature, Partial pressure
OK of oxygen,

atm

1393 (b.p. I.@)

3200 (approx. b.p. MgO) ~.o

3200 (approx.b.p. MgO) pB,(calc.)

300 (adient) pc(aibient)

The fo~owing equations, derived in appendix B in order to calcu-
late burning times, are indicated here in the integrated forms finaldy
employed in computation.

— — _ —- ————— —
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AB Zone.’- The heat-transfer eqmtion for the metal vapor zone AB
is

(1)

where ~ is a definite integral over the temperature range and involves
the thermal conductivityy and thermodynamicproperties of the metal vapor;
in practice, a graphical inte~ation is performed.

B ‘C Zone. - The heat-transfer equation for the B ‘C zone is.

(2)

where Q is a definite inte~al over the temperature range and involves
the properties of omen, the combustion products, and the inert gas;
again, a graphical integration.

Also in B’C zone the oxygen diffusion equation is

(3)

where l?,a function of in (1 - ~,), is a definite integral ~f the

cliffusion equation over the range of the partial pressure of oxygen.

When Wf is eliminated from equations (2) and (3), in (1 - ~,)

may be determined”for each condition”of inert and @b ient ‘oxygen .,
concentrateion.

BB’ Zone. - The oxygen diffusion equation in the BB’ zone is

‘fe;=wnb’)1 ‘ (4)

where B‘ is a definite integral of the cliffizsionequation over the
range of partial pressure of oxygen. When values of in (1 - @ ob-

tained by ‘cotiiningequations (2) and (3) are used, ~’ may be evaluated
in eqution (4).

[

From equations (1), 2), and (4), a series of expressions as de-
rived in eqWtion (B12), appendix’B)j n&y be obtained, including

. .

—— .— –— -. —. —
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men

B-I-B’—- ‘m
M21’czt

.rB, ..

in -.rA “’ ..

t = 4.85X10-5 —
~.+ B’ ..

(5)

(6)

or any of a number of similar expressions. The mass Ter unit length of
the magnesium ribbon is 0.0074 gram per.centimeter and the molecular
weight of magnesium is 24:3. The definite integrals over temperature
in the AB and the B’C zones, ~and~, respectively, are relatively small
as compared with the definite integral over p,art$alpressure of oxygen
B’ in the BB’ zone for oxygen concentrations,above 40 to-50 percent.
%ce Q, Q’, and Q canbe evaluated by equations (B5), (B7), and
(Bll) of appendix B (values me given in fig. 8), the burning time will
be determinedby the values assigned to the radii of.the boundaries of
the zones. The radius rA is associated with the ribbon; in particular,

the radius of a cylinder of eqti surface mea (0.1625 cm) has been
adopted; an alternative is the use “of’the-raditi of equivalent cross
section (0.0386 cm), and the difference in the result is an increase in
computed burning time t by a factor of about .2. The radius rBl has
been taken as one-half the appsrent ffi ‘@meter; the d&a sre shown
in figure”9. Vslues have been taken as indeperidentof oxygen concentra-
tion; in any case, the error of such an assumption will be insignificant
on an absolute basis and of secohd-ord& ‘effecton arrelative basib.
Moreover, it should be noted .thatwhile ,freecon~ction has been neg-
lectedsin the mathetitical derivation, the yosition of this experhental
boundary maybe strongly affected by convection.

Figure 10 shows the effects on’the com&rted burn& t~”’ahd zonal
structure of the assumption that rC, rather than rB,, is properly rep-

resented by a constant diameter. Again, the’effect in t on an absolute
basis is small especiafiy-f”oroxygen coficentiationsabove 40 to 50 per-
cent; relative values of t are decreased to sou etient in the lower
ranges of omen concentration. .. . . “-

.. . . ..... . .,,.-
fithough both experimental a,pdcomputed,burn@g times’are averages,

the avera&s’are not taken in”precisely the’same way.’”‘Thereis reason
to believe that the burning rate which is equivalent to the fuel flow
wf ,maybe a function of r,”and indeed eqution, (5).shows,thqt it will,,
be, tiess the’rati,osof the diameters of “thecyli’u&ical zones-remain
constant. However, in the experiment a ribbon was used, and therefore

——. _____ -——.—.
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an assu@ion of constant surface area and, hence, constant effective
rA iS plausibie. In the calculation,the’implicit assumption-isthat

the cylinder is ignited over its enttie length instant~eously and burns
uniformly. In the experimqt, the burning time includes-timefor the
flme to spread along the ribbon and takes little account of the fact
that some portions are completelyburned out in less than the.burning”-
time; a rough estimate is that these effects increase the observed t@es
by a factor of about 2 which may also have a second-order dependence on
omen concentration.

The experimental 100-percent-oxygenvalue may better be considered
as an upper’l~t than as.a.true value bec&use of the large calculated
effects of trades of inert gas aud/or the possibility that heat-transfer
processes take control for very shbrt times. The behavior of the com-
puted curve for very high,oxygen”concentrations is shown by the dashed
portion betweeg 90 and 100per:eht”in figure n(a). ,

Figures lJ(a)j (b), and (c) show the results of carrying out the
,-

calculation outlined preciously for each of the inert gases, argon,
nitrogen, and helim, respectively. Each figure gives-the appropriate
experimental curve from fignre 5, the cal&lated.curve as obtained in-
corporati~’the assumptions and’bou&ary conditions specified, and a
normalized computed curve for-comparisonpurposes. Normalization in- -
volved the multiplication of the computed curve by the ratio, (experi-
mental value, 50 percent 02)/(computed value, 50 percent 02).The values

of the ratio used are 2.13 for argon; 2.04 for nitrogen, and 2.72 for
helium; the constant for the heltm case depends significantlyupon the
oxygen concentration selected for t= normalizationprocedure. As pre-
sented, no physical significance is attached to the ratio; however; “
factors of the magnitude involved could be obtaine”dby decreasing rA,

by decreasing the high-tenrperatprediffusion coefficient ~t, or by

considering the spreading t@”of the flame.

The correct prediction of the effect of omen concentration is the
matter of major significancehere; that is, the prediction of correct
relative rates. In addition, calculation of the proper order of magni-
tude for the actual time is gratifying; although the absolute agreement

within a factor of 2.5 for srgon and nitrogen must be deemed fortuitous.

The &?gon curves (fig. n(a)) show the best fit between e~eriment
and calculation, followed quite closely by the nitrogen case (fig. Il.(b)).
The somewhat less satisfactory agreement for nitrogen is most readily
attributed to the fact that nitrogen is not truly inert in this process;
magnesium nitride is known to form, and traces of ammonia were present
after runs. Nitrogen actingas reactant would,tend to reduce burning
time at low oxygen concentrationsas-is observed. However,the close

— --- . -. _ .——..- —..— -.— — —— —.—
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agreement between the nitrogen and srgon experimental curves shows that
here those effects have been eliminated which in high-temperature slow-
otidation experiments cause magnesium to oxidize more rapidly in air
than in pure oxygen (ref. 18). No significant difference was obtained .

in the calculated curves for nitrogen and argon. Although the nitrogen
curve is very slightly disposed in the direction indicated by the exper-
iments, the differences are small compared with the assumptions involved,
particularly in the calculation of the high-temperature diffusion
coefficients.

The heliwn curve (fig. n(c)) shows considerable departure from
experimnt at low oxygen concentrations (these mixtures are also of
relatively low density compared with the others considered). A con-
siderablepart of this departure is no dotit due to the difficulties of
computing thermal conductititiesand diffusion constants for mixtures
of constituents varying widely in molecular weight. Efforts to accouat
for concentration effects on the properties involved sxe of doubtful
validity and, in any case, show little improvement in the final results.

The calculationswith the inert gases do predict that helium should <
show shorter burning times than argon and nitrogen and this prediction
is in ageement with the experiments. In comparison, the effect of in-
ert gases in reducing the burning velocities of homogeneous hydrocarbon
flames appears as N2 >A>He {ref. 23); from this investigation, if

there is an analogy between burning velocity and the reciprocal of the
burning time, N2 ~A>He. However, here it is known that nitrogen is

not completely inert and would tetidto produce-a shift in the direction
observed; from N2 > A for the hydrocarbon case to N2 ~ A for the

magnesium case. Furthermore in the homogeneous case, flame temperatures
are not equal as has been assumed herein.

The effect of water is less satisfactorilyexplained in terms of
‘thethermal and diffusional model presented. It would appear more prob- ,
able that moisture affects the chemical or diffusion processes at either
B or B’ or at both boundaries than that it changes the gross proper-
ties within an entire zone. Water vapor produces an increase in the
oxidation rate in these experiments as it did in the high-temperature
slow-oxidation-ratestudies on magnesium (ref. 18).

Nevertheless, in spite of certain anomalies between the experi-
mental data and the computed burning times, the general agreement
strongly supports the basic assumption of a vapor-phase reaction.

EfuMMmYOF REmL!I’s

lhgnesium ribbons were burned inmixhres bf oxygen, 17 to 100per-
cent by volume, with argon, nitrogen, helium, and argon- water vapor.

b

k
to

.

—— ——— —
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Experimental burning times were determined, and.some details of the
physical mechanism of the combustion process have been investigated.
The following results were obtained:

1. The burning time decreased sharply with increasing o-en
concentration.

2. The burning time in argon-oxygen mixtures decreased in the pres-
ence of moisture, with traces of water vapor showing the greatest effect.

3. A vapor-phasemechanism for the conibustionof magnesium ribbons
was very strongly indicated.

4. Stagnant-film concepts involving a reaction zone of finite
thickness permitted the calculation of relative burning time in terms
of the properties of the oxidizing atmosphere.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, September 27, 1954

_.—— — —- -.— —. ..-—— —.– — —— . .—
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APPENDIX A

SYMBOIJ3

The following syuibolsare used in this

A, B, B’, C

AB, BB’, B’C

B

Bt

D

F

Gf

H

%J hpJ %2

k

L

z

M

m

n

P

report:

boundaries of zones, fig: 7

zones between appropriate boundaries

&finite integral over temperature in AB zone, eq. (B5),
moles/(cm)(see)

definite integral over partial pressure of oxygen in BB’
zone, eg,.(Bll), moles~(cm)(se-c)

definite integral over temperature in B ‘C zone, eq. (B7),
moles/(cm)(see)

diffusion coefficient of-oxygen, sq cm/sec

definite integrsl over partial pressure of oxygen in B’C
zone, eq. (B1O), moles/(cm)(sec)

fuel flow per unit area, moles/(sq cm)(see)

heat required for

enthalpy of fuel,

process per mole of

product, oxygen at

fuel, cd

T, cal/mole

enthslpy of fuel at TA = 1393° K, cal/mole

enthdpy of product, oxygen at Tc = 300° K, cal/mole

thermal conductivity, cal/(sq cm)(sec)(°C/cm)

heat of vaporization of fuel at ‘c = 1393° K, cal/mole

length of cylinder, cm

moleculsr weight of magnesium, 24.3 g/mole

mass of =gnesium ribbon, g

nvnher of moles per mole of fuel; stoichiometricrelation

total pressure, atm
\

..—. — —

.

.



.

.

P

Q

R

r

T

t

wf

partial pressure of oxygen, atm

heat of combustion of fuel at TC

universal gas constant,,82.05 (CU

radius, cm .:

.L ..1 ..+. +. —.--&---
%

computed burning time~

fuel flow, molef3/sec

oxygen fl,ow,moles/see

= 300° K, cal/mole
.-

cm)(atm)/(°C)(mole)

sec

. .

.,

,.

;,,’

.,”

---- .-

..-

,.
. ..-

.1 .,’-

,..
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APPENDIX

PREDICTION OF BURNING TIMES

B

FCElMAGNESIUM RIBBONS

The stagnant-film approach of Spald.ing(ref. 19) and Graves (ref.
21) is modified to include a finite reaction zone of high-temperature
diffusion in place of an infinitesimallythin flame front. Three sym-
metrical, concentric zones surround a metal cylinder (fig. 7), the re-
sult of the ass~tion of no convection. The metal is assumed to reach

1=
+

the boiling ~oint during ignition. The temperature of the reaction zone z
is assumed not to exceed 3200° K, approximately the boiling point of
magnesium oxide; this assumption is based on the fact that magnesium
oxide is believed to dissociate upon vaporization (ref. 24), and means
essentially that the heat of reaction at the boiling point is equal to
the negative of the heat of vaporizdion. The concentration of oxygen
is assumed to be zero at the inner boundary-of the reaction zone. The
diffusion of magnesium vapor is not considered explicitly; it is asswml
that the diffusion of oxygen is into a stagnant film of gas having the
properties of the appropriate inert gas with a total pressure of 1 atmos-
phere throughout the system.

The burning time is calculated in terms of the fuel flow (burning
rate) Wf; the differential equations are set IQ zone by zone and inte-

grated using the boundary conditiou indicated in the text. The thermo-
dynamic data used were as follows: heat of cotiustion and heat of vapori- ,
zation Of magnesium (ref. 26), enthalpy of oxygen (ref. 27), enthalpy of
solid magnesium oxide from heat-capacity data (ref. 28), and enthalpy of

3qesi~ ~Por from a heat capacity of . Diffusion constants were

calculatedby the methods of Htrschfelde~, Curtiss, and Bird (ref. 29)
and me presented in the Tollowing table:

T

Inert DBB t(3200° K), ~,c(~OO K), ~ (300° K),
gas sq cm/sec sq cm/sec

cal/cu cm

Argon I-O.5 0.196 6.4x10-2
Nitrogen 10.9 .207 6.8
Helium 38.2 .75 15.2

The thermal conductivities of the inert gases were also computed accord-
ing to reference 29. For the thermal conductivity of magnesium vapor,
values of the viscosity were obtainedby the use of the Sutherland formu-
la, with a Sutherland constant (2130) taken eqpal to 1.54 times the boil-
ing point of magnesium and a diameter of 3.2x1o-8 centimeters;therml
conductivitieswere obtained from viscosities by the Eucken relation
(ref. 30). Figure 12 shows the values of the thermal conductivities
employed.

L —— . -. — .
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Consider the rates at which fuel and oxygen are consmed in the
-1

steady state bY the reaction Mg + ~ 02 ‘~:

The negative sign
site directions.

The eq@ion
film (ref. 31)

may be applied in

Zone AB:

Wf -W02
Gf =— =

2fir2 21rrzno2
(Bl)

signifies that fuel and oxygen are transferred in oppo-

for the diffusion of a single gas through a stagnant

W02 DP 1 q
m=-— RT I( &r

(B2)

the various zones as follows:

~=oand-wo2 =()

Zone BB’:

D ‘DBB, the diffusion

ate inert gas

Zone B’C:

D = ‘B~C the diffusion

ate inert gas

The heat-transfer equation

where H is the
various zones as

. ———. ———— -.—.

Hwf =

heat requirement
follows:

constant for oxygen into the appropri-

constant for oxygen into the appropri-

(B3)

per mole of fuel, maybe applied in

-——— .———-–..—
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Zone

zone

Zone

#:

H= ‘+%-%,A

k= km the thermal conductivity of magnesium vapor, Mg

Hwf is negative since heat is conducted inwardly.

-JyJ1:

dT/dr is zero since
point of magnesium

BIC:

K
N
to

the zone is assumed to be at the bQiling

oxide; H is aho eqp&l to zero.

k= kBiC the thefmal conductivity of *he afiropriate inert

gas (A, N2, He)

HWf is positive since heat is conducted ouhardly.

me details of the applicationof equations (Bl), (B2), and.(B3)
sre presented for each zone as follows:

AB Zone. - The heat-transfer equation in zone AB is

(B4)

The term in brackets is the heat which muti le condtictedpetimole in-
wsrd from the reaction zone to vaporize the metal and rdise the metal
vapor to the temperature T, assuming the metal reaches its boiling point
dining ignition. The area of the cylinder is 2Ytr2. The heat effects
involved in the passage of some magnesium oXide to the ribbon in the ex-
periment have been neglected.

Equation (B4) upon rearranging, a~lying the boundary conditions
at A and B, and integrating yields

‘rB

J
TB = 3200

Wf km
—13r=
23frz

rA TA = 1393 EL + % - %,A]
dT SB

(B5)

.

.

—-—.-_...—_ —-
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The graphical integration used here to calculate ~ is independent of
the properties of the surrounding atmosphere.

BrC Zone, - The.heat-transfer equEtion in zone B’C is

%2,cyJf ‘ - kB,~ 2~2 ~ (B6)

must be transferred outward from
1 mole of fuel. The dissociation

w

3 The term in brackets is the heat which
the reaction zone in the cotiustion of
of oxygen (abo@ 10 percent at 32Q0° K) is neglected. W
oxide is assumed to pass oulnK@ @rm_gh B ‘C zoqe for this

.

.

Egyation (B6) won re~augingz applying t= boundary
B 1 and C, aud integrat~ gi~s -

magnesium
heat bala~cej

co@itioW at

fTB, =’3200

(B7)

The definite integral ~ may be q~ta%ned graphically but has ngt been
used explicitly because of p@sicQ Wsumption ( ) m. me t- which

/identifies the appare@ flame diam&e~ @th th B‘ bo@@y.
,,-

The equation for the diff~iou of oxygen through the stagnapt film”
in the B ‘C zone is

Wf %2 .% ’(F 1 Q
m “ - 21’cr2Tlo

2 KL02RT‘=J dr
(B8)

Elimination of- Wf from ‘equations(B6) and (B8), which impl@itly

assumes that the film thicknes”seaj?pr-heatand mass tranfer are equal,
produces

,.

Since k and D/T have a~rox@~ely the s@me temperature depen~nce,
El!/D may be co~idered a congta~t (table-inthis @ection), Equation
(B9) Won iptegratlpg, awlp~ the appropriate boun@ry conditions at
B t and C!,and imposing-the contition that P = 1 atmosphere yields

——— ——— -— ..—. z —.—. — .—..
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.

FTBt = 3200

J
dT

P
-n h-h

P( P p,c)
+ no2(=02 ,- ‘02,c~

TC = 300

%’$
= % ‘c no2~T =

Evaluating the left side graphically

l- IQ,= g’
1

- Pc ‘Em
(B1O)

terms of the properties of the surrounding atmosphere.‘

BB’ Zone. - The eqymtion for oxygen dMfusion in the BB’ zone upon
integration and application of the boundary conditions at B and B 1
(including ~ = O) and the ccmdition P = 1 fields

—1.n~= ‘“m’pin (i,-~,)= BY
‘f
21f2 % ~2RT . -

(Bll)

The defin.iteinte~al B‘ may be evaluated directly with values of
in (1 - ~,) obtained from e@ation (B1O). The temperat~e throughout

the BB’ zone is taken as 3200° K. Values for ~, are taken as those

for oxygen diffusing into the appropriate inert gas; the assumption is
that the effects of magnesium vapor will be negligible or, at least,
about the same in every case.

K
N
to

Then, from equatio~ (B5), (B7), and (Bll), a series of expressions
for Wf maybe obtained:

Wf
—=
2?CZ

B
—=

In>
‘A

Bt

—=

(B12)

In addition to the relatively simple treatme~ presented, the more
complex eqwtions (ref. 31) for the diffusion of two vapors (here mag-
nesium and oxygen through the inert gas) through a stagnant film were
tentatively considered for the reaction zone. In this procedure, a par-
tiaJ pressure for magnesium of 0.9 atmosphere at the B“tioundarywas ‘
assmd; this @lies a temperature at the metal surface slightly below
the boiling point of magnesium. 5e results of preliminsxy calculations

.

—.—— —. –.—. ——— . — —
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.

.

indicate decreased values for ~’, although the dependence of B’ on
oxygen concentrationremains about the same. The over-all effeEt appears
to be a somewhat decreased oxygen dependence in the regions of oxygen con-
centrationbelow about 50 to 60 percent, a somewhat increased’dependence
upon oxygen concentration in the regions above about 80 percent, and a
general increase in the calculatedburning times. Such a solution still
involves certain approximationsand increases the complexity of the cal-
culations appreciablywithout assurance of increased accuracy. A com-
plete solution of the problem, including magnesium-vapor diffusion within
the AH zone, is fsr more complex and-is not wsrranted by the available
data.
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Figure1. - Magnesiumribbonburningapparatus.
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Figure 2. - Selectedframe’sfrom motion picturesof burningmagnesiumribbon.
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(a) Short.

(b) Medium.

C-36~1

(c) Imlg.

Figure 3. - ~IUWSim ribbon, increasingexposurestop to bottom.
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